In the nose, odorants are detected on the cilia of olfactory sensory neurons (OSNs), where a cAMP-mediated signaling pathway transforms odor stimulation into electrical responses. Phosphodiesterase (PDE) activity in OSN cilia has long been thought to account for rapid response termination by degrading odor-induced cAMP. Two PDEs with distinct cellular localization have been found in OSNs: PDE1C in the cilia and PDE4A throughout the cell but absent from the cilia. We disrupted both of these genes in mice and carried out electro-olfactogram analysis. Unexpectedly, eliminating PDE1C did not prolong response termination. Prolonged termination occurred only in mice that lacked both PDEs, suggesting that cAMP degradation by PDE1C in cilia is not a rate-limiting factor for response termination in wild-type mice. Pde1c 2/2 OSNs instead showed reduced sensitivity and attenuated adaptation to repeated stimulation, suggesting that PDE1C may be involved in regulating sensitivity and adaptation. Our observations provide new perspectives on the regulation of olfactory transduction.
In vertebrates, OSNs use a cAMP second messenger-mediated signal transduction pathway to convert odor stimulation into electrical signals. Olfactory signal transduction takes place on the cilia extending from the dendritic knob of the OSN 1,2 . Odor exposure leads to elevated activity of adenylyl cyclase III (ACIII), resulting in a rapid rise of the cAMP concentration in the cilia. cAMP directly opens olfactory cyclic nucleotide-gated (CNG) ion channels, resulting in an influx of Ca 2+ and Na + and membrane depolarization 3, 4 . Ca 2+ can then open Ca 2+activated Cl À channels, which results in an efflux of Cl À and further depolarization, contributing to the generation of action potentials [5] [6] [7] [8] .
In cyclic nucleotide-mediated signal cascades, the magnitude and duration of second messenger signals are determined by the activities of two opposing enzymes: the cyclase that produces cyclic nucleotides and the PDE that degrades them. In olfactory transduction, PDE activity in the cilia has long been thought to account for rapid termination of the OSN response by degrading odor-induced cAMP 9, 10 , leading to the closure of CNG channels. Two distinct cyclic nucleotide PDEs, PDE1C 11, 12 and PDE4A 13, 14 , have been identified in mammalian OSNs. PDE1C is a Ca 2+ /calmodulin-stimulated PDE 11 and PDE4A is Ca 2+ insensitive but has substrate specificity for cAMP 15 . Immunohistochemical staining revealed that the PDE1C protein is selectively enriched in the cilia, whereas the PDE4A protein is distributed throughout the cell, including in the dendritic knob from which the cilia emanate, but is absent from the cilia 13, 14, 16 . PDE1C was therefore hypothesized to be critical for rapid termination of the OSN response as a result of its cilial localization and Ca 2+ dependency, whereas PDE4A was not expected to affect OSN responses, as it is excluded from the cilia.
To assess the function of PDE1C and PDE4A in olfactory transduction, we disrupted both the Pde1c and the Pde4a genes in mice and conducted electrophysiological analysis of OSN responses by electroolfactogram (EOG). A loss of PDE1C was predicted to prolong response termination. Contrary to this expectation, eliminating PDE1C alone resulted in accelerated termination of the EOG response. Prolonged response termination occurred only in mice that lacked both PDE1C and PDE4A, indicating that the activity of either PDE1C in the cilia or PDE4A outside of the cilia is sufficient to allow rapid termination of the EOG response. These results suggest that cAMP degradation by PDE1C in the cilia is not a rate-limiting factor for response termination in wild-type OSNs. We found that Pde1c À/À OSNs instead showed reduced sensitivity to odors and attenuated adaptation to repeated stimulation.
RESULTS
Generation of Pde1c À/À and Pde4a À/À mice We used a loss-of-function approach to examine the role of PDEs in olfactory transduction. We generated mouse lines in which the Pde1c and Pde4a genes were disrupted individually and in combination ( Supplementary Fig. 1 online) . This genetic approach allows specific and complete elimination of the targeted PDE activity, a condition that is not achievable with current pharmacological inhibitors. Both individual knockout mice and Pde1c À/À ; Pde4a À/À double knockout mice showed apparently normal growth rate and feeding, nursing and mating behaviors.
We confirmed the loss of PDE1C and PDE4A proteins in the relevant knockout strains by immunohistochemistry ( Fig. 1a) . In wild-type olfactory epithelium, PDE1C was detected primarily in the cilial layer, whereas PDE4A was detected in OSN cell bodies, dendrites and axons. PDE1C and/or PDE4A immunoreactivity was absent in the relevant mutant mice. The thickness of the olfactory epithelium at similar nasal positions was comparable between all of the genotypes and all of the genotypes showed similar immunostaining for other olfactory transduction components, including ACIII and the CNG channel subunit CNGB1b, and for GAP43 (immature OSN marker) and OMP (mature OSN marker) ( Fig. 1a) . The loss of one of the PDEs did not affect the localization of the other PDE, that is, the localization of PDE4A protein was normal in Pde1c À/À mice and vice versa ( Fig. 1a ). However, we found that there was a significant reduction in the amount of ACIII protein in Pde1c À/À and Pde1c À/À ; Pde4a À/À olfactory epithelium, as determined by western blotting (Fig. 1b,c) . The level of CNGB1b protein in these mice appeared to be unchanged.
Pde1c À/À OSNs show smaller responses and faster termination
To determine the function of PDE1C in olfactory transduction, we recorded EOG signals from Pde1c À/À and wild-type mice in response to 100-ms odor pulses (Fig. 2) . The EOG has been widely used as a reliable and convenient means to assess OSN responses 17, 18 and is thought to result primarily from the summed generator potentials of OSNs, although it may also have other components. We used two common odorants, amyl acetate and heptaldehyde, and analyzed four metrics of the EOG signal: the amplitude, the response latency, the rise time and the rate of response termination. Similar results were obtained for both odorants (quantification of the responses to heptaldehyde is shown in the Supplementary Table 1 online) .
Eliminating PDE1C, the only PDE known to be expressed in the cilia, was expected to prolong response termination. It may also allow for larger responses with quicker onset, as cAMP concentrations could increase more rapidly when the degradation of cAMP is reduced. Contrary to expectations, Pde1c À/À mice had faster response termination compared with the wild-type mice (Fig. 2b) . The rate of response termination was quantified by calculating the time constant (t) via fitting the decay phase of the EOG signal with a single exponential equation. The termination t's of Pde1c À/À mice were smaller than those of wild types for all odorant concentrations tested ( Fig. 2c and Table 1 , which lists data for 10 À4 , 10 À3 and 10 À2 M amyl acetate). The responses of Pde1c +/À heterozygous mice were no different from those of wild types ( Supplementary Fig. 2 online) .
Pde1c À/À mice also had significantly reduced EOG amplitudes with slower onset kinetics. The maximum EOG amplitude of Pde1c À/À mice (9.8 ± 2.5 mV, n ¼ 5 mice) was approximately half of that of wild-type mice (21.4 ± 3.9 mV, n ¼ 7 mice) ( Fig. 2a ). Both the response latency, defined as the time between the initiation of the odor pulse and the start of the response (1% of EOG peak value), and the rise time, defined as the time from the start of the response to the peak, were significantly longer in Pde1c À/À mice (Fig. 2d,e and Table 1 ). The reduced response magnitude, slower onset kinetics and faster response termination that we observed in Pde1c À/À mice are reminiscent of OSNs in a state of cellular adaptation.
PDE1C knockout eliminates all PDE activity from OSN cilia
Because Pde1c À/À mice did not show the expected prolonged response termination, we asked whether there is additional PDE activity in the Pde1c À/À cilia that are responsible for removal of cAMP. Our initial characterization of Pde1c À/À mice showed that PDE4A, the only other PDE found in OSNs, remained localized in the dendrite and cell body but not in the cilial layer ( Fig. 1a) . We further confirmed this observation by immunofluorescence, comparing PDE4A staining with that of the cilia marker acetylated tubulin. Antibodies to PDE4A and acetylated tubulin labeled distinct spatial domains in the olfactory epithelium of both wild-type and Pde1c À/À mice ( Fig. 3a) .
We also carried out a PDE catalytic activity assay on preparations of OSN cilia (Fig. 3b ). PDE activity in OSN cilia is known to be stimulated by Ca 2+ and calmodulin (CaM) 16 , which has been attributed to the Ca 2+ /CaM sensitivity of PDE1C 11 . We measured PDE activity in wild-type and Pde1c À/À cilia preparations under three conditions: in a standard reaction buffer containing no Ca 2+ (0 mM Figure 1 Molecular characterization of Pde1c À/À , Pde4a À/À and Pde1c À/À ; Pde4a À/À mice. (a) Immunostaining of sections of olfactory epithelium. Sections were counterstained with DAPI (blue) to label cell nuclei. C, cilial layer; BL, basal lamina; O, olfactory sensory neuron layer; S, supporting cell layer. Scale bar represents 20 mm. (b,c) Western blot analysis of total olfactory epithelium proteins. Example western blots are shown for PDE1C, PDE4A, ACIII and CNGB1b on total olfactory epithelium proteins from all four genotypes (b). a tubulin was used as a loading control. Quantification of the western blotting is shown in c. Values are normalized to a tubulin staining and shown relative to wild type in arbitrary units (a.u.). PDE1C was detected at similar levels in wild type and Pde4a À/À mice (1.55 ± 0.79), but was undetectable in Pde1c À/À and Pde1c À/À ; Pde4a À/À mice. PDE4A was detected at similar levels in wild type and Pde1c À/À mice (1.32 ± 0.73), but was undetectable in Pde4a À/À and Pde1c À/À ; Pde4a À/À mice. ACIII levels were significantly reduced in Pde1c À/À (0.52 ± 0.22; P ¼ 0.05) and Pde1c -/-; Pde4a -/mice (0.47 ± 0.26; P ¼ 0.05), but not in Pde4a -/mice (0.72 ± 0.28; P o 0.19). CNGB1b levels were similar in all genotypes (Pde1c À/À , 0.97 ± 0.26; Pde4a À/À , 1.55 ± 1; Pde1c À/À ; Pde4a À/À , 0.85 ± 0.31). Data are the average of three independent sets of mice, each set consisting of a mouse of each genotype. Error bars are 95% confidence intervals. Statistical significance was determined by one-sample t test. * P ¼ 0.05, ** P o 0.01. WT, wild type; 1C, Pde1c À/À ; 4A, Pde4a À/À ; DK, Pde1c À/À ; Pde4a À/À . Ca 2+ and 0.1 mM EGTA), in the reaction buffer supplemented with 200 mM Ca 2+ and 50 nM CaM, and in the reaction buffer supplemented with a broad-range PDE inhibitor 3-isobutyl-1-methylxanthin (IBMX, 0.5 mM). Wild-type preparations showed PDE activity in the absence of Ca 2+ (1.5 ± 0.33 nmol mg À1 min À1 ), reflecting the basal PDE activity in the cilia. When the buffer was supplemented with Ca 2+ and CaM, wild-type cilial PDE activity was increased B2.3-fold (3.4 ± 0.60 nmol mg À1 min À1 ), consistent with a previous report 16 . IBMX blocked all cilial PDE activity (0.17 ± 0.50 nmol mg À1 min À1 ). In Pde1c À/À cilia preparations, no basal PDE activity was detected in the standard reaction buffer (0.08 ± 0.21 nmol mg À1 min À1 ) and the addition of Ca 2+ /CaM did not elicit any PDE activity (0.002 ± 0.16 nmol mg À1 min À1 ). In both conditions, the activity levels were similar to those when IBMX was added (0.02 ± 0.23 nmol mg À1 min À1 for Pde1c À/À cilia). We concluded that knocking out PDE1C eliminated all PDE activity from OSN cilia.
Pde4a À/À OSNs show no aberrant response properties
To address whether PDE4A influences OSN responses, we measured EOG signals in Pde4a À/À mice using the same odorants and stimulation protocols as for Pde1c À/À mice. No differences were observed between Pde4a À/À ; Pde4a +/À and wild-type mice in any aspect of the EOG signal ( Fig. 4 and Supplementary Fig. 2 ). These results are consistent with the idea that because PDE4A is excluded from the cilia, its effect on olfactory transduction may be minimal under most circumstances.
Pde1c À/À ; Pde4a À/À OSNs show prolonged response termination Previous electrophysiological experiments showed that treatment of OSNs with IBMX prolonged OSN responses to odors, indicating that degradation of cAMP by PDE activity is essential for rapid response termination 9 . However, neither Pde1c À/À nor Pde4a À/À mice showed prolonged termination of EOG signals, suggesting that the rate of cilial cAMP removal in these mutant mice is still adequate to allow rapid response termination. Because IBMX is a broad-range PDE inhibitor, treatment with it would simultaneously inhibit both PDE1C and PDE4A, which should mirror the phenotype of a Pde1c À/À ; Pde4a À/À double knockout mouse. We generated Pde1c À/À ; Pde4a À/À mice and carried out EOG recordings. These mice showed a significantly prolonged response 
Figure 2
Pde1c À/À OSNs show reduced EOG amplitude, faster response termination and slower onset kinetics. (a) Dose-response relations of EOG responses to amyl acetate from wild type (n ¼ 7) and Pde1c À/À (n ¼ 5) mice. Amyl acetate was delivered as 100-ms pulses. Concentrations on the x axis are those of the liquid solution. Data points are linked with straight lines and error bars represent s.d. (b) EOG responses to a single 100-ms pulse of 10 À3 M amyl acetate. Responses were normalized and averaged for comparison of response kinetics (wild type, n ¼ 15; Pde1c À/À , n ¼ 10). The inset shows the traces plotted on an expanded time axis. (c) Termination time constants (t), determined by a single exponential fit to the decay phase of the EOG signal (for 10 À4 M, 10 À3 M and 10 À2 M, P ¼ 9.7 Â 10 À4 , 0.011 and 8.4 Â 10 À4 , respectively; wild type, n ¼ 20; Pde1c À/À , n ¼ 14). (d) Response latencies, defined as the time between the initiation of odor pulse and the start of the response (1% of peak amplitude; for 10 À4 M, 10 À3 M, and 10 À2 M, P ¼ 4.5 Â 10 À5 , 0.011 and 5.1 Â 10 À5 , respectively; wild type, n ¼ 15;
Pde1c À/À , n ¼ 10). (e) Response rise times, defined as the time from the start of the response to the peak (for 10 À4 M, 10 À3 M and 10 À2 M, P ¼ 1.1 Â 10 À6 , 9.0 Â 10 À7 and 5.8 Â 10 À8 , respectively; wild type, n ¼ 15;
Pde1c À/À , n ¼ (a) Co-immunostaining for PDE4A (red) and the cilia marker acetylated tubulin (green) on sections of olfactory epithelium from wild-type and Pde1c À/À mice. Shown are apical portions of the olfactory epithelium under high magnification. In both wild-type and Pde1c À/À mice, immunoreactivity for PDE4A and acetylated tubulin appeared in distinct spatial domains. C, cilial layer; K, dendritic knobs; S, supporting cell layer. Sections are counterstained with DAPI. Scale bar represents 5 mm. (b) PDE catalytic activity assay in cilia preparations from wild-type and Pde1c À/À mice. PDE activity in wild-type cilia was increased by addition of Ca 2+ /CaM and inhibited by addition of IBMX. Activity from Pde1c À/À cilia under all conditions was virtually undetectable, similar to wild-type cilia treated with IBMX. Error bars are 95% confidence intervals. Data for each genotype are the average of five independent preparations (mice). Each preparation was assayed in duplicate. **P o 0.01; n.s., not significant.
termination for all of the odorant concentrations that we tested (Fig. 5a,b and Table 1 ). This result suggests that removal of cAMP from the cilia is substantially impaired when both PDEs are not functional, consistent with previous studies using IBMX to eliminate all PDE activity 9 . In addition, Pde1c À/À ; Pde4a À/À mice showed significantly reduced EOG amplitudes and slower onset kinetics than wild types (Fig. 5c ). The reduction in EOG amplitudes and the extended latency of responses in the double knockout mice were comparable to those of Pde1c À/À mice. The increase in the response rise time in double knockout mice was even greater than that of Pde1c À/À mice ( Supplementary Fig. 3 online) .
Given the additive effect of the double knockout on response kinetics, we further examined Pde1c À/À ; Pde4a +/À , Pde1c +/À ; Pde4a À/À and Pde1c +/À ; Pde4a +/À mice. We did not observe any significant genetic dosage effects, as Pde1c À/À ; Pde4a +/À mice showed responses that were similar to those of Pde1c À/À mice and both Pde1c +/À ; Pde4a À/À and Pde1c +/À ; Pde4a +/À mice showed responses that were similar to that of the wild type ( Supplementary Fig. 2 and Supplementary Table 2 online).
Pde1c À/À ; Pde4a À/À mice also showed significantly larger baseline noise of the EOG signal than the wild type ( Fig. 5d,e ). The baseline noise was quantified as the s.d. in the voltage during 2 s of baseline recording (2-kHz sampling rate). The increase in baseline noise probably reflects an increase in sporadic opening of CNG channels as a result of spontaneously generated cAMP, which cannot be quickly removed from the cilia of double knockout mice.
Pde1c À/À mice showed only a trend of increased baseline noise and the difference from wild type was not significant.
OSN adaptation is affected differently in mutant mice
Adaptation, the phenomena of decreasing responses either to repeated stimuli or during sustained stimuli, is a characteristic feature of OSN responses. Both forms of adaptation are thought to rely on different, but overlapping, sets of mechanisms 19, 20 . Because of its Ca 2+ /CaM sensitivity, PDE1C has long been hypothesized to contribute to OSN adaptation 11, 12, 20 . Ca 2+ , which enters cilia as part of the OSN response, can bind CaM and subsequently elevate PDE1C activity. If the stimulation continues or a subsequent stimulation occurs while PDE1C activity is elevated, then the amount of cAMP that is available to open the CNG channel would be reduced, leading to smaller responses (that is, adaptation). However, it has been previously reported that OSNs show a similar extent of adaptation to repeated stimulation when stimulated with intracellular delivery of either cAMP or nonhydrolyzable cAMP analogs, suggesting that the combined activity of all PDEs is not involved in adaptation to repeated stimulation 21 .
The function of individual PDEs in OSN adaptation has not been directly examined.
To assess the role of PDE1C and PDE4A in OSN adaptation to repeated odor exposure, we recorded EOG signals from mice with single or combined mutations of Pde1c and Pde4a using a pairedpulse protocol, which consisted of two identical 100-ms odor pulses separated by a 1-s interpulse interval (Fig. 6a) . The extent of adaptation is quantified as the ratio of the second 'net' peak amplitude (see Methods for details) to the first peak amplitude 18 . Pde1c À/À mice still showed adaptation but with significant attenuation. The ratios of the second to first pulse responses were significantly larger compared with those of the wild type for all concentrations tested Figure 5 Pde1c À/À ; Pde4a À/À double knockout mice show prolonged response termination and increased baseline noise. Data for wild type and Pde1c À/À mice are replotted from Figure 2 for reference. (a) Normalized and averaged EOG responses from Pde1c À/À ; Pde4a À/À (n ¼ 17) mice to a single 100-ms pulse of 10 À3 M amyl acetate. Inset shows the traces plotted on an expanded time axis. (b) Termination t for responses to three amyl acetate concentrations. Responses from Pde1c À/À ; Pde4a À/À mice have significantly longer termination t compared with wild type. Error bars are 95% confidence intervals (10 À4 M, P ¼ 8.3 Â 10 À6 ; 10 À3 M, P ¼ 3.5 Â 10 À8 ; 10 À2 M, P ¼ 5.2 Â 10 À4 ; all unpaired t tests with the wild type, n ¼ 17 for Pde1c À/À ; Pde4a À/À ). (c) Dose-response relationship for amyl acetate from Pde1c À/À ; Pde4a À/À mice (n ¼ 8). Error bars represent s.d. (d) Representative baseline traces (filtered DC -1 kHz) from each genotype. (e) Baseline noise was quantified as the s.d. in the voltage from 2 s of recording (sampling rate 2 kHz) without stimulation. Pde1c À/À ; Pde4a À/À mice showed significantly increased baseline noise compared with wild types. Error bars represent 95% confidence intervals (compared with wild type: Pde1c À/À , P ¼ 0.144; Pde4a À/À , P ¼ 0.278; Pde1c À/À ; Pde4a À/À , P ¼ 0.048; all unpaired t tests, n ¼ 12 for wild type, n ¼ 10 for Pde1c À/À , n ¼ 7 for Pde4a À/À , n ¼ 11 for Pde1c À/À ; Pde4a À/À ). * P o 0.05, ** P o 0.01. Wild type Figure 6 OSN adaptation is differently affected in Pde1c À/À and Pde1c À/À ; Pde4a À/À mice. (a) Normalized and averaged EOG responses from wild type (n ¼ 13), Pde1c À/À (n ¼ 9), Pde4a À/À (n ¼ 8) and Pde1c À/À ; Pde4a À/À (n ¼ 8) mice to two 100-ms pulses of 10 À3 M amyl acetate separated by a 1-s interval. The contribution of the residual first response was removed from the recorded second response to obtain the net second response peak amplitude (see Methods), as indicated by the arrows on the Pde1c À/À and Pde1c À/À ; Pde4a À/À traces. (b) Ratio of second net peak amplitude to the first peak amplitude (for Pde1c À/À compared with wild type: P ¼ 2.6 Â 10 À4 , 3.9 Â 10 À4 and 0.0011 for 10 À4 , 10 À3 and 10 À2 M, respectively; for Pde4a À/À compared with wild type: P ¼ 0.95, 0.77 and 0.42; for Pde1c À/À ; Pde4a À/À compared with wild type: P ¼ 0.23, 0.071 and 0.85). (c) Normalized and averaged EOG responses to a 10-s pulse of 10 À3 M amyl acetate from wild type (n ¼ 15), Pde1c À/À (n ¼ 10), Pde4a À/À (n ¼ 6) and Pde1c À/À ; Pde4a À/À (n ¼ 9) mice. (d) Response decline during stimulation, quantified by the percent reduction in the peak amplitude at the 10-s time point (for Pde1c À/À compared with wild type: P ¼ 0.18, 0.74 and 0.73 for 10 À4 , 10 À3 and 10 À2 M, respectively; for Pde4a À/À compared with wild type: P ¼ 0.056, 0.67 and 0.80; for Pde1c À/À ; Pde4a À/À compared with wild type: P ¼ 4.5 Â 10 À5 , 8.3 Â 10 À6 and 1.7 Â 10 À8 ). In b and d, error bars are 95% confidence intervals. * P o 0.05, ** P o 0.01. Wild type
Pde1c
-/-; Pde4a -/- (Fig. 6b) . These data suggest that PDE1C probably contributes to OSN adaptation to repeated stimulation.
Paired-pulse protocols with interpulse intervals of 2, 4, 6 and 8 s were also examined ( Supplementary Fig. 4 ). As the interpulse interval lengthened, the response amplitude to the second pulse progressively recovered. When the interpulse interval was 4 s or longer, there were no differences in the ratios of second to first pulse responses between Pde1c À/À and wild-type mice, indicating that the influence of PDE1C on adaptation is limited to a short period following stimulation.
Pde4a À/À mice showed adaptation that was indistinguishable from that of wild-type mice (Fig. 6a,b) . Notably, Pde1c À/À ; Pde4a À/À mice also did not show a deficit in adaptation, despite the fact that Pde1c À/À mice had attenuated adaptation. This observation in double knockouts is consistent with a previous report that OSNs did not have apparent deficits in adaptation to repeated stimulation when all PDE activity was bypassed 21 .
To assess the role of PDE1C and PDE4A in OSN adaptation during sustained odor exposure, we recorded EOG signals in response to a 10-s odor pulse (Fig. 6c) . During the pulse, the EOG amplitude progressively declined in all genotypes. The extent of adaptation was quantified as the percentage of amplitude decline relative to the peak amplitude at the 10-s time point. Neither Pde4a À/À nor Pde1c À/À showed deficits in adaptation during sustained stimulation, although the longer response latency and rise time were still evident in Pde1c À/À mice (Fig. 6c,d) . In contrast, however, Pde1c À/À ; Pde4a À/À double knockout mice had significantly less decline during the course of stimulation (Fig. 6c,d) . For 10 À3 M amyl acetate (Fig. 6c) , the response of Pde1c À/À ; Pde4a À/À mice declined approximately 27%, whereas the responses of wild-type and single knockout mice declined by approximately 55%. This decreased response decline is consistent with the idea that cilial cAMP removal is substantially impaired when both PDE1C and PDE4A are eliminated.
DISCUSSION
Rapid response termination after a stimulus is critical for allowing sensory neurons to represent the temporal information of the stimulus and to be prepared for subsequent stimulation. In OSNs, rapid response termination has long been thought to rely substantially on degradation of cAMP in the cilia. However, Pde1c À/À OSNs, despite lacking all cilial PDE activity, do not show prolonged termination. This result suggests that other mechanism(s) must be able to efficiently remove cAMP from cilia in the absence of cilial degradation. The most reasonable mechanism is that cAMP diffuses from the cilia into the dendritic knob and dendrite, where it can be degraded by PDE4A (Supplementary Fig. 5 online) . Indeed, cAMP diffusion in olfactory cilia has been measured to be nearly as fast as diffusion in water (2.7 Â 10 À6 cm 2 s À1 ) 22 . Computer modeling using this value together with published values of PDE enzyme activities showed that diffusion of cAMP from the cilia followed by degradation in the knob can occur in the time scale of termination of EOG responses ( Fig. 7 and Supplementary Note online). cAMP degradation (or sequestration) in the dendritic knob is required for the efficient flux of cAMP away from the cilia, as the dendritic knob is not large enough to be an effective sink for cAMP (given that the knob volume is approximately equal to the total volume of all the cilia of an OSN). In the absence of both cilial and dendritic degradation (as in Pde1c À/À ; Pde4a À/À OSNs), removal of cilial cAMP is severely hindered, leading to prolonged response termination.
In OSNs, rapid response termination depends on the closing of both CNG channels and Ca 2+ -activated Cl À channels. Removal of odorevoked cAMP, in addition to feedback inhibition by Ca 2+ /CaM 18,23 , leads to the closing of CNG channels, whereas removal of cilial Ca 2+ leads to the closing of the Cl À channels 24 . The slowest of these processes would be the rate-limiting factor for response termination. When cAMP can be degraded in the cilia (as in wild-type or Pde4a À/À OSNs), cAMP removal will be faster than when cAMP can only be removed by diffusion to and degradation in the dendrite (as in Pde1c À/À OSNs). Our modeling suggests the difference between these rates can be several-fold ( Fig. 7 and Supplementary Note) . It is then notable that in Pde1c À/À OSNs the termination of EOG responses is even accelerated (Fig. 2) . The olfactory transduction system appears to tolerate a range in the rate of cilial cAMP removal, suggesting that it is not a rate-limiting factor in the termination of OSN responses under normal circumstances and that other termination mechanisms, namely Ca 2+ /CaM inhibition of CNG channels 18, 23 and Ca 2+ extrusion 24 , predominantly determine the kinetics of response termination. Only when cilial cAMP removal is severely hampered, as when the activities of both PDE1C and PDE4A are eliminated, does cAMP removal become rate limiting.
In wild-type OSNs, the majority of cAMP generated in the cilia, either spontaneously or from odor stimulation, is probably degraded by PDE1C. This scenario is consistent with the fact that Pde4a À/À mice show no response deficits. In this case, PDE4A in the dendritic knob functions as a fail-safe for response termination. PDE4A may also Figure 7 Computer modeling of degradation and diffusion of cilial cAMP. A cilium is attached to a 'mini-knob', which has approximately 1/12 of the volume of a 2-mm diameter dendritic knob (an estimation of the volume of the knob that would be available to a single cilium). The cilium is initially filled with 12 mM cAMP, a concentration that saturates the olfactory CNG channels. Four scenarios were modeled: with activities of both PDEs (modeling wild type), without PDE4A activity, without PDE1C activity, and without any PDE activity (modeling Pde1c À/À ; Pde4a À/À OSNs). Diffusion of cAMP is included in all scenarios. The change in cAMP concentrations is shown at four points along the model cilium for each scenario. Note that the black lines (wild-type modeling) are obscured by the light gray lines (modeling without PDE4A). For further details see the Supplementary Note.
prevent odor-evoked cAMP from escaping the dendrite and influencing other cellular processes. The fact that PDE4A may function to spatially restrict cAMP to the cilia is reminiscent of the role of PDE4 enzymes in maintaining cAMP signaling domains in cardiac myocytes (for a review, see ref. 15 ). Techniques to image cAMP in the living cells 25 may be useful to further examine cAMP regulation in OSNs.
Although no other PDEs have been reported in canonical OSNs (PDE2 has been found in guanylyl cyclase D-positive neurons in the olfactory epithelium 14, 26, 27 ), OSNs might express other PDE(s) that may account for eventual termination of OSN responses in Pde1c À/À ; Pde4a À/À mice. Our cilial PDE activity assays, and those of others 16 , indicate that the activity of unknown PDEs, if any, is unlikely to have a substantial effect on olfactory signal transduction.
Pde1c À/À OSNs showed an unexpected reduction in sensitivity to odor, a paradoxical phenotype for the removal of an enzyme that negatively regulates signal transduction. The reduced sensitivity in Pde1c À/À OSNs comes, at least in part, from the decrease in the levels of ACIII protein (Fig. 1b) , as mice that are heterozygous for Adcy3 (coding for ACIII) show reduced EOG amplitudes 28 . The cause of the decreased ACIII level in Pde1c À/À OSNs remains unclear. The reduced sensitivity in Pde1c À/À OSNs could also be caused by negative regulation of the activities of signal transduction components. This negative regulation of transduction components probably occurs even in the absence of odor stimulation. It is well established that the PDE inhibitor IBMX can induce responses in a large portion of OSNs, including 40-60% of OSNs in rats and mice 7, 29 , suggesting that there is continued production and degradation of cAMP in the cilia in resting OSNs, even though they often show low spontaneous electrical activity 7, 30, 31 . PDE1C, presumably as a result of its basal catalytic activity, probably accounts for degradation of spontaneously produced cAMP. In Pde1c À/À OSNs, the lack of cAMP degradation in cilia would transiently increase cilial cAMP and, subsequently, cilial Ca 2+ levels in resting OSNs. Excess Ca 2+ is expected to negatively regulate the signal transduction pathway 20 , targeting ACIII 19, 32 and the CNG channel 23 . Regardless of the exact mechanism(s), reduced ACIII levels, negative feedback on transduction components or both, the Pde1c À/À phenotype nevertheless suggests that cilial PDE activity may indirectly aid in maintaining the signal transduction machinery in a state that is primed for odor response.
It is worth noting that several previously unexplained features of odor responses from IBMX-treated OSNs 9 can be interpreted after considering the PDE knockout phenotypes. When bathed in low concentrations of IBMX, OSNs did not show prolonged response termination but instead showed smaller response amplitudes and slower onset kinetics 9 , reminiscent of the Pde1c À/À phenotype and indicating that a basal level of PDE activity may be necessary to maintain OSN sensitivity. When bathed in high concentrations of IBMX, OSNs showed prolonged response termination with reduced response amplitude 9 , reminiscent of the Pde1c À/À ; Pde4a À/À double knockout phenotype.
We also found that PDE1C probably contributes to OSN adaptation to repeated stimulation. Until recently, adaptation to repeated stimulation was attributed mainly to the Ca 2+ /CaM feedback inhibition on the CNG channel [33] [34] [35] [36] . However, our recent work suggested that Ca 2+ / CaM-mediated desensitization of the CNG channel has little effect on adaptation to repeated stimulation but rather contributes to rapid response termination 18 . An increase in cilial Ca 2+ as part of the OSN response, in addition to feedback on the CNG channel, probably elevates PDE1C activity by binding with CaM, potentially leading to smaller responses to subsequent stimuli. Pde1c À/À OSNs showed attenuated adaptation in a paired-pulse stimulation procedure, consistent with the lack of elevated PDE activity from Ca 2+ /CaM feedback. It is worth noting that, as Pde1c À/À OSNs showed a reduced sensitivity to odors that is reminiscent of already adapted OSNs, the phenotype of attenuated adaptation might also result from a lower ability to further adapt. Notably, adaptation to repeated stimulation in Pde1c À/À ; Pde4a À/À double knockout mice was not substantially different from that of wild type. This result is consistent with a previous report showing that when the effects of all PDEs were bypassed pharmacologically, OSNs adaptation was not affected 21 . The fact that eliminating PDE4A masks the adaptation deficit from the loss of PDE1C suggests that the mechanisms by which adaptation is achieved when both PDEs are eliminated (either by genetic or pharmacological means) are substantially different from the wild-type situation, even though the apparent adaptation phenotype is similar. When both PDEs are eliminated, greater recruitment of the remaining adaptation mechanisms, potentially as a result of additional Ca 2+ entering the cilia during the prolonged response termination phase, may account for the apparently normal adaptation, whereas in wild-type mice, Ca 2+ /CaM stimulated PDE1C activity is probably a substantial contributor to adaptation.
Response to a sustained stimulation can be viewed as an integration of responses to a series of short stimulations, with the final response being determined by a composite of adapted activation and termination mechanisms. Pde1c À/À OSNs show a response decline that is comparable to that of wild-type OSNs during a sustained stimulation. This result could be superficially understood as the attenuated adaptation to repeated stimulation (that is, larger subsequent responses) and the faster termination counteracting during sustained stimulation, producing an intermediate response. Therefore, the apparently normal phenotype of adaptation during sustained stimulation in Pde1c À/À OSNs is probably determined by a different composition of mechanisms than in wild-type OSNs. It is interesting to compare the phenotype of the Pde1c À/À mice to that of the CNGB1 DCaM mice, which carry a mutation that renders the olfactory CNG channel resistant to Ca 2+ / CaM-mediated desensitization 18 . In CNGB1 DCaM OSNs, the response decline during sustained stimulation is attenuated, consistent with the reduced ability of these OSNs to terminate the response in combination with the normal adaptation to repeated stimulation. Pde1c À/À ; Pde4a À/À OSNs do show a profound deficit in adaptation during sustained stimulation, again consistent with the response being a composite of the phenotypes of prolonged response termination and wild-type-like adaptation to repeated stimulation in these neurons.
METHODS
Animals. For all experiments, mice were handled and killed with methods approved by the Animal Care and Use Committees of the Johns Hopkins University.
Gene targeting. For Pde1c knockout, the targeting vector was designed to delete exons 5-8 (6.7 kb of genomic DNA on chromosome 6), which encodes the N-terminal portion of the predicted catalytic domain, and to insert a stop codon in the remainder of exon 5 through homologous recombination in embryonic stem cells. For Pde4a knockout, the targeting vector was designed to delete exons 9-14 and part of exon 15 (9.9 kb of genomic DNA on chromosome 9), which encode the entire predicted catalytic domain. Further details of the generation of these knockout mice are provided in Supplementary  Figure 1 .
Immunohistochemistry. Anesthetized mice were killed by transcardial perfusion with 1Â phosphate-buffered saline (PBS) followed by 4% (wt/vol) paraformaldehyde. Olfactory tissues were dissected and postfixed for 2 h at 4 1C, followed by cryoprotection in 30% (wt/vol) sucrose overnight at 4 1C. We Instruments). EOG signals were recorded from the surface of turbinate IIB and acquired and analyzed with AxoGraph software (Axon Instruments) on a Macintosh computer. The signals were low-pass filtered at 1 kHz and recorded at a sampling rate of 1 kHz. The recorded signals were further low-pass filtered at 25 Hz during analysis. Vapor-phase odorant stimuli were generated by placing 5 ml of odorant solution in a sealed 60-ml glass bottle. This vapor was delivered by a Picospritzer (Parker Hannifin) as a pulse injected into a continuous stream of humidified air flowing over the tissue sample. All EOG recordings were conducted at room temperature and in mice older than 6 weeks.
For analysis of paired-pulse responses, because the response to the first odor pulse has not decayed to baseline at the time the second pulse is given, the recorded second response reflects a sum of the residual first response and the 'net' response to the second pulse. The net second response peak amplitude was determined by first fitting a trace to the decay phase of the first response and subsequently subtracting the value of this trace at the peak time of the second response from the second pulse peak amplitude 18 .
Statistical analysis. All statistical significance was determined by unpaired t test.
Computational modeling. Computational modeling was performed using the Virtual Cell software from the National Resource for Cell Analysis and Modeling (http://www.vcell.org) (see Supplementary Note for details). The model is available at vcell.org under the username 'cygnar' .
Note: Supplementary information is available on the Nature Neuroscience website.
